Figure 1. Ligand Binding Properties of GluR6 S1S2
The structure of the GluR6 and GluR5 S1S2 glutamate . For GluR5 and the orthorhombic crystal form of GluR6, the C terminus was tional only when bound to Ni 2+ NTA Sepharose beads, and bound kainic and domoic acids with an affinity apdisordered after the end of helix K. The presence or absence of the disulfide bond did not alter the secondproximately 25-fold lower compared to native receptors (Keinanen et al., 1998). In the present study, the S1S2 ary structure of the two GluR6 crystal forms reported here (Table 3) ; the root-mean-square deviation (rmsd) construct boundaries of GluR6 and GluR5 were based on that of GluR2 S1S2J, which includes the minimal for superposition of domains 1 and 2 in the GluR6 hexagonal form compared to molecule A in the orthorhomamino acid sequence necessary to generate the GluR2 and NR1 ligand binding cores (Armstrong and Gouaux, bic form of GluR6 was 0.31 and 0.32 Å, respectively, only slightly greater than the 0.07 and 0.08 Å difference 2000; Furukawa and Gouaux, 2003). The resulting kainate receptor ligand binding cores were expressed as between molecules A and B in the orthorhombic form, which were refined without NCS restraints. highly purified soluble proteins, and the His-tag cleaved prior to crystallization in complex with glutamate, kai-A structure-based alignment for GluR6, GluR5, and GluR2 reveals that, despite a 50% difference in amino nate, 2S,4R-4-methylglutamate, and quisqualate (Figure 1B and Table 3 ). The structures were solved by acid identity for the ligand binding cores of kainate receptors versus the AMPA receptor GluR2 subunit, their X-ray diffraction; data collection and refinement statistics are given in Tables 1-3. secondary structures are almost identical ( Figure 2B ). Consistent with this, the rmsd between GluR6 domain Prior to crystallization, it was established that the kai- 1 Cα positions compared to GluR5 and GluR2 was 0.28 Å for ligand, binding pocket side chains, and surrounding water molecules ( Figure 3A) . Glutamate binds in a cavand 0.60 Å when loops 1 and 2 were excluded from the calculation; for domain 2 the values were 0.39 Å and ity formed at the interface between domains 1 and 2 that is completely closed off from the external solution 1.28 Å. There is a four amino acid extension of helix G in the GluR5 and GluR6 kainate receptor subunits, (Figures 3B and 3C ). The top of this cavity is capped by the side chains of E409 (E426), Y457 (Y474), and which is prevented by a proline substitution in GluR2. Amino acid deletions in kainate receptors, compared to V654 (V670), which prevent access of extracellular solvent and ions to the bound glutamate ligand. The the sequence in AMPA receptors, occur in loop 2 and in the pair of turns connecting the C terminus of helix cavity in GluR6 (volume 255 ± 15 Å 3 ) is substantially smaller than that for GluR5 (305 ± 6 Å 3 ), but larger than H with strand 10, and the C terminus of helix I with strand 11. These changes are remote from the ligand for GluR2 (218 ± 4 Å 3 ), as a result of amino acid side chain substitutions unique to the binding site of each binding pocket and have minimal effects on the surrounding structure. However, contributing to the lining subunit. The mode of binding of the glutamate ligand α-carboxyl and α-amino groups is nearly identical in of ligand binding pocket are 5 residues that differ in GluR6 and GluR5; their position is marked by black GluR6, GluR5, and GluR2 and involves ion pair and hydrogen bond contacts with conserved Arg and Glu side boxes and circles in the secondary structure motif shown in Figure 2B . Although widely separated in linear chains, as well as with main chain peptide bonds in both domains 1 and 2, as described previously for the sequence, 4 of these residues are clustered near the N termini of helices F, H, and I, which in combination form AMPA receptor GluR2 subunit (Armstrong and Gouaux, 2000) . The introduction of a side chain hydroxyl group the domain 2 surface of the ligand binding pocket.
in GluR5 at position T503 in place of the methyl group present in GluR6 at A487 is notable, since this permits The Ligand Binding Pocket of GluR6 and GluR5 The GluR6 and GluR5 complexes with glutamate were a direct hydrogen bond with the ligand α-amino group that is absent in GluR6, which binds glutamate with solved at resolutions of 1.65 and 2.1 Å, respectively; in both cases, omit maps showed unambiguous density lower affinity than GluR5. Also different in the GluR6 via steric occlusion, a pattern that is repeated in the high-affinity binding of 2S,4R-4-methylglutamate to kaiin GluR5 opens up a cavity that is sufficiently large to accommodate both the tert-butyl group of ATPA and nate but not AMPA receptors. the 5-position halogen atom of 5-iodowillardiine. Binding of ATPA will displace W1, W2, W3, and W7 and reGluR6 S1S2 2S,4R-4-Methylglutamate and Quisqualate Complexes move the hydrophobic tert-butyl group from exposure to solvent. This hydrophobic effect is consistent with
The addition of a single methyl group to the Cγ atom of glutamate, to yield 2S,4R-4-methylglutamate, increases the nM affinity for GluR5 of ATPA compared to the low micromolar affinity of AMPA, which has only a single agonist affinity 170-and 100-fold for GluR5 and GluR6, respectively, but decreases affinity for GluR1 and GluR3 methyl group at the 5-position (Hoo et al., 1999) . The When GluR6 was cloned, it had the unique property, ture, the oxadiazolidine ring oxygen atom makes an additional direct hydrogen bond with the amide side chain distinct from that for GluR5, of failing to respond to AMPA at even mM concentrations (Egebjerg et al., of N690 in GluR6 S1S2 ( Figure 5C ). As a result, the side chain of N690 is pulled 1.25 Å deeper into the ligand 1991). This was surprising because quisqualic acid, a structurally related heterocyclic amino acid, is a potent binding pocked compared to the GluR6 S1S2 glutamate structure and makes a hydrogen bond contact but nonselective agonist at AMPA, kainate, and G protein-coupled glutamate receptors and binds to GluR6 with W4. This movement of N690 forces V654 to switch from the preferred rotamer found in the glutamate com-S1S2 with a 5.5-fold higher affinity than glutamate, similar to the 8.3-fold higher affinity of quisqualate for plex to a less common rotamer. Movement of N690 away from M706 also allows the methionine ⑀-methyl GluR2 S1S2 (Jin et al., 2002) . To address the mechanisms underlying the unique binding properties of group to move 1.96 Å closer to the ligand binding pocket ( Figure 5C ). These local rearrangements all ocGluR6, a high-resolution 1.8 Å structure of a GluR6 S1S2 complex with quisqualate was solved, and AMPA cur without perturbations of domain 2°structure. Docking experiments reveal a striking difference bewas docked into this structure ( Figure 5A ).
Omit maps revealed unambiguous electron density tween quisqualate and AMPA, which arises from subtle differences in the stereochemistry of their heterocyclic for quisqualate, water molecules, and amino acid side chains in the ligand binding site ( Figure 5A ). The extent rings. In quisqualate, the dihedral angle between the plane of the oxadiazolidine ring and the β-carbon atom of domain closure for the GluR6 quisqualate complex (26.2°) was almost identical to that for glutamate (26.6°) is 46°, close to its value of 43°in the small molecule crystal structure (Flippen and Gilardi, 1976). As a result, and 2S,4R-4-methylglutamate (26.4°), and least-squares superposition of Cα positions with the GluR6 glutamate the α-carboxyl, α-amino, oxadiazolidine ring 3 position carbonyl oxygen and the 4 position nitrogen atoms are complex gave rmsd values of 0.27 and 0.28 Å for the two molecules in the asymmetric unit. The α-carboxyl nearly isosteric with the α-carboxyl, α-amino, and γ-carboxyl groups in glutamate and project deep into and α-amino groups of quisqualate bind via identical ion pair, direct and solvent-mediated hydrogen bond the ligand binding pocket where they make important contacts with domain 2 residues ( Figure 5C ). In concontacts as found in the glutamate complex ( Figure  5C ). Likewise, three hydrogen bond contacts made by trast, the β-carbon atom and isoxazole ring of AMPA are planar as a result of the carbon nitrogen exchange the glutamate γ-carboxyl group with the hydroxyl group and main chain NH of T659 and the main chain carbonyl at position 2, and consequently, when the α-carboxyl and α-amino groups of AMPA are docked in the GluR6 2000). To define the underlying mechanism for highaffinity binding of kainate, the structure of a GluR6 S1S2 structure, the isoxazole ring projects upward, makes bad contacts with side chain of N690, and is S1S2 complex was solved at 1.93 Å resolution. Omit maps revealed unambiguous density for the puckered unable to bind to the recognition sites for the glutamate γ-carboxyl group in domain 2 ( Figure 5C ). In GluR5, this pyrrolidine ring of kainate, conserved water molecules, and amino acid side chains in the ligand binding site bad contact is relieved by the exchange of N690 to S706, but the isoxazole ring is still not able to make ( Figure 6A) . Strikingly, the extent of domain closure for the kainate complex (23.3°) was only slightly less than optimal contacts like the γ-carboxyl group of glutamate, consistent with very low affinity binding of AMPA to that for glutamate (26.6°) and much greater than the 12.3°domain closure observed for the GluR2 kainate GluR5. Figure 6B is a superposition of The Partial Agonist Kainic Acid Produces Less the GluR2 and GluR6 kainate complexes made using Domain Closure than Glutamate domain 1 Cα atoms, excluding loops 1 and 2, which Kainic acid is a nonselective agonist, which, however, shows that, compared to GluR2, helix G moves >3.5 Å binds to kainate receptors with much higher affinity closer toward domain 1 in the GluR6 structure. than AMPA receptors (K d 56 nM for GluR6 S1S2 versus 14.5 µM for GluR2 S1S2) (Armstrong and Gouaux, Superposition of domain 1 Cα atoms in the GluR6 glutamate and kainate structures gave an rmsd of Given the similar ligand binding mechanisms of glutamate and kainate in AMPA and kainate receptors, 0.31 Å; for domain 2 Cα atoms, the rmsd was 0.33 Å, indicating that domains 1 and 2 move as rigid bodies why does kainate bind with such high affinity to GluR5 and GluR6? One mechanism is likely to involve shieldin transitions between the glutamate and kainate bound conformations. The mechanism of binding of the kaiing of the hydrophobic 4-isopropenyl group from water. In the GluR6 kainate structure, the aromatic ring of nate α-carboxyl and α-amino groups is the same as for glutamate, with the exception that the pyrrolidine ring Y457, and the side chain of V658, makes extensive van de Waals contacts with the kainate isopropenyl group, displaces W1, breaking the solvent-mediated hydrogen bond network linking the side chain of T710 with the similar to the interactions made by the 4 methyl group of 2S,4R-4-methylglutamate. This is remarkable beligand α-amino group (Figures 3B and 6C) . The γ-carboxyl group of kainate also makes the same hydrogen cause, in contrast to other ligands, the binding site in the GluR6 kainate complex is not closed but is conbond network with the main chain NH group and side chain of T659, W3, W4, and W5 found in the glutanected to extracellular solvent via a network of ordered water molecules, some of which are shown in Figure  mate structure. This has therapeutic significance for allowing the deing the side chains N484 and D672, and hydrogen bonds linking the side chain T677 with the main chain sign of subtype-selective ligands and allosteric modulators, but raises the question of why kainate and AMPA carbonyl oxygen of G475. There is one additional hydrogen bond made with domain 1 by helix F that is also receptors evolved into multiple subtypes with ligand binding pockets that are substantially larger than necpresent in GluR2 and which links the side chains of S674 and T503 (Figure 7) . Although S764 does not bind essary to bind the neurotransmitter glutamate. A likely explanation for the large size of the ligand binding agonist, the GluR5 mutation S674A, which breaks this interdomain hydrogen bond network, speeds the rate pocket is that the network of hydrogen-bonded water molecules that is unique to the binding site of each reof deactivation of responses to domoate (Swanson et al., 1997) consistent with reduced stability of the agoceptor species plays a key role in tuning the unique kinetic response of each iGluR subtype during synaptic nist bound complex. In GluR2, the stability of the glutamate bound complex is also decreased by mutations transmission. The high affinity of glutamate for GluR5 both slows the rate at which kainate receptors can rethat break an interdomain hydrogen bond between E402 in domain 1 and T686 at the N terminus of helix spond to rapid synaptic inputs and may contribute to temporal summation of synaptic inputs. However, once H in domain 2 (Robert et al., 2004) .
complex (Armstrong et al., 1998; Armstrong and Gouaux, 2000). Shown in
In the GluR2 agonist complexes, the peptide bond bound, glutamate molecules will trigger desensitization with higher probability than for AMPA receptors, which between D651 and S652 adopts multiple conformations, which in the flipped configuration generates two are tuned for rapid synaptic signaling. The structures reported here suggest that variations in the interface interdomain hydrogen bond contacts ( coded by residues P636-E775. The GluR5 S1 fragment encoded residues N416-K529, preceded by an 18 amino acid peptide ences in amino acid sequence have allowed iGluRs to (MH 8 SSGLVPRGS), and was linked via a GT dipeptide to the GluR5 building into omit maps followed by positional and individual B-value refinement were performed until R free converged and no S2 fragment encoded by residues P652-E791. The constructs were sequenced and then subcloned into pET-22b digested with Nde1 interpretable features were present in Fo-Fc maps contoured at ±3 σ (Table 3) . Because anomalous data were collected to high and Xho1 to remove the vector encoded pelB leader sequence. GluR5 and GluR6 S1S2 were expressed as soluble proteins in Oriresolution and the initial maps were of high quality, NCS restraints were not used during refinement. The final model was complete gami B(DE3) E. coli and purified to homogeneity using Ni 2+ NTA column chromatography, thrombin cleavage, and ion exchange from N399 to W768 in both chains, but lacked density for the N-terminal two amino acids, the disulfide bond between C719 and chromatography. A SeMet derivative of GluR6 S1S2 was prepared using a similar procedure; incorporation of selenomethionine was C773, and seven amino acids at the C terminus, the latter most likely due to the use of β-mercaptoethanol as an additive during established by ESI mass analysis, which revealed a minor peak of M r 29333 and a major peak of M r 29756 corresponding to species crystallization. A second crystal form of the GluR6 glutamate complex in the hexagonal P6 1 space group was grown under nonreducwith 0 and 9 Se, respectively. Ligand binding assays were performed as described (Chen et al., 1998) were solved by MR using AmoRe (Navaza, 2001) and A chain of the with a 1 to 1 dilution of protein with reservoir solution. Native and P2 1 2 1 2 1 structure as a search probe. For GluR5, the search probe SeMet GluR6 S1S2 (5-10 mg/ml), when dialyzed against 20 mM was substituted with the appropriate GluR5 side chains using roNaCl, 1 mM EDTA, 10 mM BME, 10 mM S-glutamate, and 2 mM tamers from the O library prior to refinement. The refinement protocitric acid (pH 4.8), formed orthorhombic crystals, space group col for structures solved by MR began with rigid body refinement P2 1 2 1 2 1 (Table 3) , with a reservoir of 9%-11% (SeMET) and 13%-followed by a slow cool simulated-annealing run at 5000 K to re-15% (native) PEG 3350, 10 mM BME, and 10 mM citric acid (pH duce model bias. The MR solution for the GluR6 kainate complex 4.8). Native GluR6 S1S2 formed hexagonal crystals, space group had an R value of 0.38, which dropped to 0.27 (R free 0.30) after one P6 1 (Table 3) , when dialyzed against 20 mM NaCl, 1 mM EDTA, 10 round of simulated annealing. For GluR5, the R value for the MR mM S-glutamate, and 2 mM Tris (pH 8.0), with a reservoir of 24% solution was 0.36 and dropped to 0.27 (R free 0.30) after one round PEG 4K. The GluR6 S1S2 complex with 2S,4R-4-methylglutamate of simulated annealing. Ligands were initially modeled as the small was formed by dialysis (>10 8 -fold dilution) against a glutamate-free molecule crystal structure for quisqualate (Flippen and Gilardi, crystallization buffer containing 20 mM NaCl, 1 mM EDTA, 10 mM 1976), a model for 2S,4R-4-methylglutamate built using Chem3D, BME, 2 mM citric acid, and 50 µm 2S,4R-4-methylglutamate (pH or the coordinates for kainate taken from the 1.6 Å GluR2 crystal 4.8); the protein was then diluted by 50% with the same buffer structure (1FTK), and were included in the refinement when R work containing 10 mM 2S,4R-4-methylglutamate and concentrated to was <0.30. For the 2S,4R-4-methylglutamate and quisqualate 5-11 mg/ml to give a final ligand concentration of 5 mM; the reserstructures, selected side chains were modeled in alternative convoir contained 14% PEG 3350, 10 mM BME, and 10 mM malonic formations, and for the quisqualate structure, a pair of Cl ions idenacid (pH 4.9). The same approach was used for quisqualate and tified by B value analysis of the surrounding side chains and kainate. For quisqualate, the crystallization buffer contained 20 mM solvent. Domain closure was calculated by least-squares superpoNaCl, 1 mM EDTA, 10 mM BME, and 5 mM malonic acid (pH 4.8); sition of domain 2 with respect to the GluR2 apo structure (1FWO) the reservoir contained 14% PEG 3350, 10 mM BME, and 50 mM using the program FIT after least-squares superposition of domain malonic acid (pH 4.6). The crystallization buffer for the GluR6 com-1 using Cα atoms. Solvent accessible cavity volumes were calcuplex with kainate contained 20 mM NaCl, 1 mM EDTA, 2 mM malated with VOIDOO on a 1 Å grid, with a probe radius of 1.4 Å, a lonic acid, and 5 mM kainate (pH 4.0); the reservoir contained 18% grid shrink factor of 0.9, and convergence criteria of 0.1 Å and 0.1% PEG 3350, 25 mM citric acid, and 30 mM BME. For GluR5, the (Kleywegt, 1994); calculations were repeated on randomly oriented crystallization buffer contained 20 mM NaCl, 10 mM HEPES, 1 mM sets of S1S2 coordinates for each protein and are given as the EDTA, 10 mM S-glutamate; the reservoir contained 20% PEG 10k mean ± SD (n = 9). Additional crystallographic calculations were and 100 mM HEPES (pH 7.5). All crystals were cryopreserved by performed using CCP4 ( 
Structure Determination
Data were collected at NSLS beamline X9B at 100 K using a quantum 4 CCD detector, with the exception of the GluR5 glutaAcknowledgments mate complex, which was collected at APS beamline ID22 using a MAR225 CCD detector, and the GluR6 kainate complex, which was collected using Cu Kα radiation from a microfocus sealed tube with I thank Eric Gouaux for advice, discussion, and numerous helpful suggestions throughout the course of this project and Drs. N. Armconfocal optics (Rigaku Micromax 002) and a MAR 345 image plate detector. Data for all crystal forms were indexed, scaled, and strong and S. Buchanan for comments on the manuscript. Zbigniew Dauter helped with data collection at NSLS. Members of the merged using HKL2000 (Otwinowski and Minor, 1997). The structure of the GluR6 complex with glutamate was solved in two crystal NIH X-ray diffraction interest group, especially Lothar Esser, Zbigniew Dauter, Fred Dyda, Di Xia, and members of Peter Kwong's lattices. An orthorhombic form with two molecules in the asymmetric unit was phased using a 3 wavelength SeMet MAD data set group, gave advice on crystallographic techniques. Carla Glasser prepared the GluR5 and GluR6 S1S2 constructs. Tatiana 
